The Old World grass, Arundo donax L. (giant reed), is a serious invader of California riparian areas, and its purported ecosystem impacts led to its consideration as a target for biological control development. However, the herbivore complex in the Arundo adventive range has not been characterized, so there is little information regarding insects that may hinder biological control efforts by interfering with the release of new agents or that could be promoted as augmentative biological control agents if they have a substantial impact on the target weed. Here we report the results of surveys in California, with emphasis on three presumably non-indigenous insects that inflict significant damage to the host. One is a shoot-boring wasp, Tetramesa romana (Walker) (Hymenoptera: Eurytomidae), with a range limited to southern California and that damages shoots generally less than 1 cm in diameter. A shoot fly, Cryptonevra sp., is also associated with shoot damage and often mortality of secondary stems. A third herbivore, the aphid Melanaphis donacis (Passerini), is widespread in the southern and central parts of the state but has less apparent impact to the host. T. romana and Cryptonevra sp. are currently candidates for biological control development and introduction from overseas locations. Their established presence in California suggests that efforts could be revised to focus on documentation of host ranges and impacts under field rather than in quarantine conditions, in anticipation of future re distribution in North America.
Introduction
Arundo donax L. (giant reed) may be the most destructive invader of California riparian areas, displacing native vegetation, transpiring excessive groundwater, posing erosion and wildfire risks and providing poor wildlife habitat (Bell, 1994; Dudley, 2000; Kisner, 2004) . Few arthropods appear to be associated with Arundo in California (Herrera and Dudley, 2003; Kirk et al., 2003) , and most are using it as opportunistic structural habitat rather than as a food source. A variety of herbivores is found in the region of origin (from the Mediterranean Basin and across southern Asia), and the level of herbivore impacts is considered to be much greater than in California or other areas where Arundo is invasive (Kirk et al., 2003) . Classical biological control is being developed using several candidate agents from Eurasia (Kirk and Widmer, 2004) , but implementation is not anticipated for at least several years.
A standard element of a biological control programme should involve documentation of herbivores attacking the target weed in its adventive range to determine if new agents are needed or if effects of existing herbivores can be enhanced, as well as to evaluate the potential for interference with introduction of new agents (Harris, 1975; Olckers and Hulley, 1995) . As part of the programme to build the ecological framework for justifying Arundo biological control, we are characterizing and comparing Arundo herbivores and associated plant condition in California and Southern Europe. Early investigations indicated that several nonindigenous insects, including a shoot-boring wasp of the family Eurytomidae, are present in California. The wasp was subsequently identified as Tetramesa romana (Walker), a widespread Mediterranean species and a primary candidate in the Arundo biological control programme. Members of this genus are highly host specific (Al-Barrak et al., 2004) , which makes them particularly suitable for biological control.
Our initial objective is to determine the geographic extent of this and other current Arundo herbivores in California and to quantify their efficacy against this host weed. The larger objective is to increase the impact of existing herbivores through augmentative measures and/or to distribute them more widely to provide more extensive host suppression. We are currently evaluating their host specificity and appropriateness for mass rearing and redistribution.
Materials and methods
To examine Arundo herbivore distributions in California, we conducted monthly insect surveys of Arundo stands on the Santa Clara River and less frequent (once or twice during study period) extensive surveys of Arundoinfested areas throughout the southwestern US (Table  1) . Line transects 100 m long were established within Arundo vegetation, and samples were collected from 0.5 m 2 quadrats placed at 10-m intervals along transect lines. As of April 2007, a total of 994 Arundo shoots within all plots surveyed were cut at the soil surface and bundled together for transport back to the laboratory, where they were stored at 8°C until processed. Primary or main shoots and side shoots or secondary shoots were examined separately. Shoot lengths and diameters were recorded, and shoots were visually examined for herbivores and evidence of herbivore damage. These were then split lengthwise and examined for internal feeders. After dissection, shoots were dried (2 days at 55°C) to determine dry weight biomass. All recovered insects were sent to the USDA European Biological Control Laboratory in Montpellier, France for identification, and voucher specimens were deposited in the Santa Barbara Museum of Natural History, Santa Barbara, CA. Plots were also used to determine shoot density and biomass per unit area for analysis of plant growth differences between native and introduced ranges and evaluation of impacts of biological control agents after release and establishment.
Plant use by T. romana (oviposition, feeding and pupation sites) and potential impacts of infestation on Arundo were evaluated. We focused on this species because it is one of the primary agents being tested as a potential biological control (Kirk and Widmer, 2004) . Shoot length, basal diameter and biomass of shoots and side shoots infested with T. romana, were compared with those of uninfested plants. Main shoot and side shoot data were analyzed separately using Student's t test.
Results and discussion
No native insect herbivores were found using Arundo as a significant food source, in contrast to prior surveys that show numerous arthropods using this plant for non-consumptive purposes (Herrera and Dudley, 2003) . Two non-native insects and another unidentified (but potentially non-native) insect were recovered from Arundo shoots during sampling. An aphid, Melanaphis donacis (Passerini), was found throughout the sampling range (except very northern California) with greatest abundance in coastal Arundo populations. Aphids feed primarily on the apical shoots and less mature, distal leaves, and although reaching high population densities in early spring in some locations, only minor damage was observed on plants in one location. Coccinellids were abundant on Arundo shoots several weeks after peak aphid densities and may have been responsible for the decrease in aphids by late May -aphids were often not present during sampling in July through December. We did not quantify aphid densities during surveys for several reasons; there was a lack of any visible aphid feeding effect, aphids were often dislodged from stems during stem sampling and collection, aphid movement reduced accurate measurements, and the time and laborintensive nature of counting aphids would have substantially reduced our ability to adequately sample Arundo populations throughout the state. Dipteran larvae were recovered from over 80% of Arundo shoots in one area on the floodplain terrace in the Santa Clara River, Ventura County, CA. We infrequently found similar damage throughout this river system and the nearby Ventura River. Several larvae feed together in the upper nodes on main shoots of plants, and feeding damage resulted in atypical 'witches broom' shoot growth with 25% stem mortality in infested shoots (Fig. 1) . The 'witches broom' shoot growth was evident in most shoots covering a 2-ha radius. We did not examine these damaged shoots for bacterial disease, which can cause this type of deformity; however, we assume that feeding damage on the primary shoot promoted secondary shoot production, as similarly occurs in stems with wind-damaged primary shoots. The gregarious larvae were associated with 'hour glass' shoot damage (Fig. 2) and may be an inquiline species that feeds on microbes that colonize damage from another fly species (A. Kirk, personal observations). Chloropid flies (Cryptonevra sp.) in the Mediterranean region primarily attack developing canes up to about 75 cm in length and cause similar 'hour glass' damage to what we observed. In addition, it or another species of Chloropidae attacks side shoots and/or leading shoots on taller canes and are often followed by several inquiline species -up to 18 inquiline spp. have been recorded from southern France (A. Kirk, unpublished data). Damage prevents shoots from elongating during growth and results in stunted shoots and a 'witches broom' appearance from increased side shoot production (Fig. 1) . We are focusing our sampling efforts during the spring growing period when herbivores producing the initial shoot damage may be present. Cryptonevra sp. is a candidate for potential biological control introduction (Tracy and Deloach, 1998) , so further documentation of its distribution and impacts in North America and verification that the species present here is the same as the Mediterranean taxon being tested by US Department of Agriculture-Agricultural Research Service (USDA-ARS) are essential for future agent selection.
The shoot-boring wasp, T. romana, was collected from Arundo populations throughout southern California (Fig. 3) . Its exit holes and gall-like formations produced during larval feeding are evident on primary Arundo donax L. shoot infested with Cryptonevra sp. in the Santa Clara River, CA (arrow). Note the atypical 'witches broom' appearance of the infested shoot relative to the other, uninfested shoots.
and secondary shoots. We have observed oviposition on shoots both in greenhouse cultivation and at field sites (Fig. 4) . Shoot infestation was variable (range: 0% to 80%) with a mean of 23.1 ± 4.4% (±SE) shoots infested across all sites sampled (n = 994). However, in March 2007, we observed about 2.5 ha of an Arundo stand near the Santa Clara River (Ventura Co.) with ca.
99% of side shoots infested and killed. A recent survey at this same location suggests that infestation levels of current-year shoots are still high. Wasp densities are highest on smaller diameter main shoots (primarily new shoots) and side shoots of larger, mature shoots (Fig. 5) . Wasp densities can exceed 35 individuals on a main shoot and six individuals on a side shoot, but average 4.9 ± 3.6 individuals per main shoot and 3.4 ± 1.9 per side shoot. Infested main shoots were shorter and smaller in diameter than uninfested shoots (shoot height, t = 3.02, df = 315, p = 0.003; shoot diameter, t = 3.93, df = 315, p < 0.001), but biomass was not significantly different between infested and uninfested shoots. Infested side shoots were thinner than herbivore free shoots (t = 2.0, df = 197, p = 0.05). Side shoot height and biomass were not significantly affected by wasp infestation. In France, T. romana infests shoots over a broader diameter range (A. Kirk, personal observation); Arundo shoots are also, on average, thinner and shorter than in North American populations (A. Lambert, unpublished data). Biomass reduction in infested shoots could not be inferred from these data for two reasons: (1) extreme variability in measures of morphological character (shoot length, diameter and biomass) even with substantial replication and (2) wasps colonize primarily new shoots and secondary shoots, which have lower biomass than mature and main shoots, respectively (Spencer et al., 2006) . Therefore, wasp impact may be less noticeable on young shoots relative to that of an herbivore attacking the larger mature shoots. The frequency of damage but lack of substantial impact of T. romana to Arundo populations in our surveys does not necessarily reflect an absence of impact for this species.
It is anticipated that this herbivore, in association with other agents such as the rhizome-feeding scale insect, Rhizaspidiotus donacis (Leonardi), may inflict greater damage to host plants (A. Kirk, personal observations).
Further surveys are necessary to accurately determine the full extent and limits of the T. romana distribution and its potential to infest a greater proportion of shoots. For example, as our sampling size increases, the relationship between wasp density and main and side shoot mortality becomes stronger. We are currently evaluating above-and belowground biomass relationships of infested and uninfested plants in a common garden experiment to elucidate the effect of herbivory on resource allocation. Experiments are also being conducted by the USDA-ARS to determine the impact of T. romana on water use by Arundo (J. Goolsby, USDA, Weslaco, TX, personal communication).
Genetic comparisons are underway in collaboration with D. Kazmer and W. Jones, USDA-ARS, Sidney, MO, and European Biological Control Laboratory (EBCL), using newly eclosed females collected throughout California and matching with wasps collected in the Mediterranean region to determine the origin of California T. romana. It is unclear at this time whether this wasp is a recent introduction in California and is still in its establishment phase, in which case its potential (future) range may be much greater. Alternatively, if T. romana has been established for a long period, then dispersal may have achieved the full extent of its potential range, and the likelihood for redistribution is poorer. Wasps have been found throughout the watersheds of Ventura County, whereas stands in other counties, particularly at the northern and southern extents of its apparent range, are often colonized more heterogeneously with uninfected streams in moderately close (e.g. <10 km) proximity to colonized stands. This may indicate that the colonization process is, as yet, incomplete. Patchy distributions could also represent reduced physiological compatibility with climate regimes at the limits of the T. romana distribution. Such a distribution in the warm-temperate coastal region of California is not dissimilar to other organisms introduced for biological control of other California pests, e.g. parasitoid Aphytis spp. against the citrus red scale DeBach, 1978, 1979) . Furthermore, it is not yet clear whether there may have been the co-introduction of T. romana parasitoids (A. Kirk, unpublished data) and subsequent population regulation, which could also explain the variation in attack rate observed over T. romana's distribution in California.
The unintentional introduction of T. romana and other apparent specialist herbivores to North America provides the opportunity to conduct host-specificity trials and other experimental studies in the field, which will provide instructive ecological information less easily obtained under quarantine conditions. Plant growth and insect behavior are often constrained or atypical in highly controlled environments (Blossey et al., 1994a,b) , so results in open-field settings are expected to be more representative of natural responses. We suggest that an Arundo biological control programme based on development of 'California' T. romana and Cryptonevra sp. as augmentative biological control agents for local population enhancement and/or re-distribution in North America should be carried out in parallel with foreign importation and further quarantine testing. Host-range testing should be continued to validate host specificity prior to agent movement, but conducting this work with insects already established in North America would enhance the ecological validity of the tests and conserve financial resources. This survey of California Arundo herbivores also validates the advice of Harris (1975) and others that biological control be developed as a logical progression, with evaluation of weed ecology and associated herbivores in the invasive range before importing new organisms.
